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The Effects of Dickkopf 1 on Gene Expression
and Wnt Signaling by Melanocytes: Mechanisms
Underlying Its Suppression of Melanocyte
Function and Proliferation
Yuji Yamaguchi1,2, Thierry Passeron1, Hidenori Watabe1, Ken-ichi Yasumoto1, Francois Rouzaud1,
Toshihiko Hoashi1 and Vincent J. Hearing1
Dickkopf 1 (DKK1), which is expressed at high mRNA levels by fibroblasts in the dermis of human skin on the
palms and soles, inhibits the function and proliferation of melanocytes in the epidermis of those areas via the
suppression of b-catenin and microphthalmia-associated transcription factor (MITF). In this study, we
investigated the protein expression levels of DKK1 between palmoplantar and non-palmoplantar areas and
the effects of DKK1 on melanocyte gene expression profiles and on Wnt signaling pathways using DNA
microarray technology, reverse transcriptase-PCR, Western blot, 3-dimensional reconstructed skin, immuno-
cytochemistry, and immunohistochemistry. DKK1-responsive genes included those encoding proteins involved
in the regulation of melanocyte development, growth, differentiation, and apoptosis (including Kremen 1,
G-coupled receptor 51, lipoprotein receptor-related protein 6, low-density lipoprotein receptor, tumor necrosis
factor receptor super-family 10, growth arrest and DNA-damage-inducible gene 45b, and MITF). Of special
interest was the rapid decrease in expression of MITF in melanocytes treated with DKK1, which is concurrent
with the decreased activities of b-catenin and of glucose-synthase kinase 3b via phosphorylation at Ser9 and
with the upregulated expression of protein kinase Ca. These results further clarify the mechanism by which
DKK1 suppresses melanocyte density and differentiation, and help explain why DKK1-rich palmoplantar
epidermis is paler than non-palmoplantar epidermis via mesenchymal-epithelial interactions.
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INTRODUCTION
Characterizing determinants of topographical/anatomical/
site-specific differentiation and regulation is a new and
exciting research field. We recently reviewed topographical/
anatomical/site-specific differences between human skin on
the sole and the palm (also called palmoplantaris) and on the
trunk (also called non-palmoplantaris) in terms of thickness
and pigmentation (Yamaguchi et al., 2005). Not only is
palmoplantar skin much thicker than the skin in other regions
of the body but also melanocytes in those areas are less dense
and produce significantly less melanin pigment than in non-
palmoplantar skin. We showed earlier that fibroblasts derived
from palmoplantar skin induce the expression of keratin 9, a
marker for palmoplantar epidermis, in non-palmoplantar
keratinocytes via mesenchymal-epithelial interactions
(Yamaguchi et al., 1999). Further, non-palmoplantar epider-
mis (with no dermal components) adopts a palmoplantar
phenotype when grafted on palmoplantar wounds (Yamagu-
chi et al., 2001a, b). Finally, we recently reported that mRNA
encoding dickkopf 1 (DKK1), an inhibitor of the canonical
Wnt signaling pathway, is expressed at high levels in
palmoplantar fibroblasts (Yamaguchi et al., 2004).
Wnt signaling consists of a canonical pathway (that
involves b-catenin and multiple protein complexes contain-
ing glycogen synthase kinase 3b (GSK3b), axin, adenomatous
polyposis coli, and Akt) and several non-canonical pathways
(that involve calcium, protein kinase Ca (PKCa), c-Jun
N-terminal kinase, and focal adhesion kinase) (Zorn, 2001;
Kawano and Kypta, 2003). DKK1 is the secreted antagonist of
canonical Wnt signaling that interacts with Wnt receptor
lipoprotein receptor-related protein 6 (LRP6) (Mao et al.,
2001; Nusse, 2001). DKK1 also interacts with the trans-
membrane proteins Kremen (Krn) 1 and 2 and blocks the
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canonical Wnt signaling by inducing endocytosis of the LRP6
complex (Mao et al., 2002) without affecting the Wnt
receptor Frizzled. DKK1 induces the formation of ectopic
heads in Xenopus laevis in the presence of bone morpho-
genetic protein inhibitors (Glinka et al., 1998) and plays
critical roles in modulating apoptosis during vertebrate limb
development (especially inter-digit space formation) by
interacting with bone morphogenic protein (Grotewald and
Ruther, 2002). DKK genes (including DKK1, DKK2, and
DKK3) are coordinately expressed in mesodermal lineages;
that is, the transcripts of DKK1 are found in defined lineages,
including limb buds, heart, urogenital ridge, tailbud, palate,
and craniofacial regions, whereas transcripts of DKK3 are
restricted to the trunk mesenchyme (Monaghan et al., 1999).
Keratin 14-DKK1 transgenic mice lack hair follicle develop-
ment and have no pigmentation on the trunk because
melanocytes are not present in the inner-follicular epidermis
of those mice (Andl et al., 2002), which suggests that non-
pigmented (glabrous) palms and soles (even in mice) are due
to the high expression of DKK1.
HOX gene family members are transcription factors
known to regulate patterning in the primary and secondary
axes of developing embryos. HOX genes play critical roles in
limb development (Dolle et al., 1989) and their collinear
regulation is similar to that seen in the trunk: genes located in
the middle of the HoxD complex are expressed in proximal
areas of the limb bud, whereas genes located in a more 50
direction have a more distal expression. HOX genes are also
known to direct topographical/anatomical/site-specific differ-
entiation of embryonic neurons in response to levels of
fibroblast growth factors (Liu et al., 2001; Dasen et al., 2003),
bone morphogenetic protein (Dasen et al., 2003), and
retinoic acid (Schubert et al., 2004). Notably, adult human
fibroblasts obtained from different sites of the body maintain
key features of HOX gene expression patterns established
during embryogenesis, which suggests that HOX genes may
direct topographical/anatomical/site-specific differentiation
and underlie the detailed positional memory in adult
fibroblasts (Chang et al., 2002).
We reported earlier that DKK1, which is expressed at high
mRNA levels by fibroblasts in the dermis of human skin on
the palms and soles, inhibits the function and proliferation of
melanocytes in the epidermis of those areas via the
suppression of b-catenin and microphthalmia-associated
transcription factor (MITF) (Yamaguchi et al., 2004). In this
study, we first confirmed the expression patterns of DKK1 at
protein levels using immunocytochemistry and immunoblot-
ting. We further evaluated the effects of DKK1 on gene
expression profiles using DNA microarray technology and
validated the results using reverse transcriptase (RT)-PCR,
Western blot, immunocytochemistry, and immunohisto-
chemistry. We finally evaluated the effects of DKK1 on Wnt
signaling pathways of melanocytes, focusing on GSK3b and
PKCa as critical intermediates of the canonical and non-
canonical Wnt signaling pathways. Not only did we use
melanocyte cultures but we also used 3-dimensional skin
reconstructs and in vivo skin obtained from the same
subjects.
RESULTS
We previously reported that expression levels of DKK1
mRNA are upregulated in human palmoplantar fibroblasts
compared with non-palmoplantar fibroblasts (Yamaguchi
et al., 2004). In this study, we initially confirmed those
DKK1 expression levels in cultured fibroblasts derived from
palm or trunk skin at the protein level, using immunoblotting
(Figure 1a) and immunocytochemistry (Figure 1b). Indeed,
the expression of DKK1 in three independent populations of
palmoplantar-derived fibroblasts (Palm1, Palm2, and Palm3)
was dramatically higher than in three independent popula-
tions of non-palmoplantar-derived fibroblasts (Trunk1,
Trunk2, and Trunk3).
We then treated normal human melanocytes with 50 ng/
ml of recombinant human DKK1 for 2 hours, harvested total
RNA and analyzed that using oligonucleotide-cDNA micro-
arrays. That concentration of DKK1 used was determined in
previous studies (Tian et al., 2003; Yamaguchi et al., 2004).
The complete database of gene expression patterns are
reported on a public database (http://www.ncbi.nlm.nih.
gov/geo/) with a Series no. of ‘‘GSE5515’’. The 30 genes
with the largest increases or decreases in expression are listed
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Figure 1. DKK1 expression by palmoplantar and by non-palmoplantar
fibroblasts. (a) Immunoblotting analysis; the intensity of the 35 kDa DKK1
band is higher by 2.8-fold (P¼0.00003) in palmoplantar fibroblasts
(Palm1, Palm2) than in non-palmoplantar fibroblasts (Trunk1, Trunk2).
(b) Immunocytochemical analysis; high levels of DKK1 (green
fluorescence) are seen in palmoplantar fibroblasts (Palm3) compared with
non-palmoplantar fibroblasts (Trunk3). Nuclei are stained blue by
40,6-diamidino-2-phenylindole. Bar¼64 mm.
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in Table S1. Highly regulated genes also included some
receptor-related genes (Table S2), Wnt-related genes (Table
S3), melanocyte marker genes (Table S4), and HOX-related
genes (Table S5). DKK1 had various immediate effects on
melanocytes, considering that affected genes are related to
such diverse processes as mitochondrial function (e.g.
MRPL38 and MRPS27), melanosome trafficking (e.g. HPS4,
SV2B, and STX5A) and transport (e.g. MLPH), apoptosis (e.g.
growth arrest and DNA-damage-inducible gene (Gadd)45b
and TNFRSF10A), Wnt signaling (e.g. b-catenin and PKC), as
well as melanocyte development (e.g. HOX) and differentia-
tion (e.g. MITF).
We validated the mRNA expression levels of B40 of those
genes using RT-PCR (some are shown in Figure 2), and
confirmed that the levels of several genes related to Wnt signa-
ling were significantly upregulated in response to rhDKK1
(e.g. b-catenin and PKCb1 (Po0.0001)), as were receptors (e.g.
Krn1 (Po0.0001), low-density lipoprotein receptor (LDLR)
(Po0.001), GPR51 (Po0.01), and TNFRSF10A (Po0.0001))
and markers of apoptosis (e.g. Gadd45b, P¼ 0.0016), where-
as MITF was significantly downregulated (Po0.001) by
rhDKK1. Interestingly, the level of b-catenin mRNA did not
correlate with the protein level, as reported previously
(Yamaguchi et al., 2004).
We next investigated the expression patterns of proteins
related to Wnt signaling pathways in more detail. We
harvested cell extracts after 2 hours (Figure 3a) and after
5 days (Figure 3b) of treatment with DKK1 and analyzed
them by Western blotting. Overall, GSK3b expression was
unchanged at 2 hours but was slightly downregulated after
5 days of treatment with DKK1. However, GSK3b phos-
phorylated at Ser9 was dramatically upregulated in response
to DKK1 within 2 hours and that was also seen after 5 days
of treatment. PKCa expression was also increased at
both time points examined. As reported previously, b-catenin
expression was downregulated after 2 hours or 5 days of
DKK1 treatment. Consistent results were confirmed by
immunocytochemistry of DKK1- or mock-treated melano-
cytes (Figure 4).
To further examine whether the secretion of DKK1 by
fibroblasts was responsible for the physiological differences
observed between palmoplantar skin and non-palmoplantar
skin, we used 3-dimensional skin reconstructs (termed
MelanoDerm). These model skins consist of normal human
keratinocytes and melanocytes grown at the air/liquid inter-
face of the maintenance medium either in the presence or
absence of 100 ng/ml of rhDKK1 for 4–14 days (Figure 5, only
10 days treatment is shown). The immunostaining of these
skin reconstructs was consistent with the findings of
melanocyte cultures, as shown above, and revealed de-
creased expression of b-catenin and GSK3b and increased
expression of PKCa and Ser9-phosphorylated GSK3b.
We also confirmed these in vitro results using immuno-
histochemistry of human skin in situ. Melanocytes in
palmoplantar skin, which are adjacent to dermal fibroblasts
with high expression levels of DKK1, showed relatively low
expression of GSK3b (Figure 6) but high expression of GSK3b
phosphorylated at Ser9 and of PKCa. In contrast, levels of
b-catenin expression were decreased in melanocytes in
palmoplantar epidermis.
DISCUSSION
In this study, we used Western blotting and immunohisto-
chemistry to confirm that DKK1 expression is significantly
higher in human fibroblasts derived from palmoplantar skin
compared with those derived from non-palmoplantar skin.
We then investigated the effects of DKK1 on human
melanocytes using a multidisciplinary approach that included
gene profile analysis and the investigation of signal transduc-
tion protein expression patterns. We found that the expres-
sion of a large number of Wnt-related genes (including
DKK1
PKC1 Krn1 GPR51
TNFR10LDLRLRP6
GAPDHMITFGadd45
Ctrl DKK1 Ctrl DKK1 Ctrl
Figure 2. Validation of gene expression levels using RT-PCR. Shown are
normal human melanocytes treated with 50 ng/ml DKK1 for 2 hours or
untreated (ctrl). The expression of PKCb1 (Po0.0001), Krn1 (Po0.0001),
GPR51 (Po0.01), LRP6 (P¼0.065), LDLR (Po0.001), TNFR10 (Po0.0001),
and Gadd45 (Po0.002) is upregulated in melanocytes when treated with
DKK1, but MITF (Po0.001) is downregulated. glyceraldehyde-3-phosphate
dehydrogenase expression served as control (P¼ 0.41) (n4¼ 3).
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PKCb1, Krn1, and LRP6) is quickly upregulated in melano-
cytes in response to DKK1. Genes encoding receptors other
than the known DKK1 receptors (Krn1 and LRP6) also show
upregulated expression within 2 hours after treatment with
DKK1, suggesting that LDLR, GPR51, and TNFRSF10A (also
known as tumor necrosis factor-related apoptosis-inducing
ligand-receptor 1) are responsive to DKK1. LDLR is related to
LRP6, which has a DKK1 binding site (Mao et al., 2001), with
an alignment score of 706 by ClustalW at the amino-acid
level and with a score of 230 bits by BlastP. GPR51 (also
known as GABABR2 (Li et al., 2003)) is related to MC1R, a
critical receptor expressed specifically by melanocytes
(Rouzaud et al., 2006), as both of them are G-coupled
protein receptors with an alignment score of 6365 by
ClustalW at the basic pair level. TNFRSF10A is known as a
death receptor that leads to p53-independent apoptosis via
caspase cleavage (Xu and El-Deiry, 2000), and its upregula-
tion suggests that DKK1 may induce melanocyte apoptosis
via this receptor, although further analysis will be necessary
to prove that point. Our speculation that DKK1 induces
apoptosis in melanocytes also derives from the finding that
the expression of Gadd45b, which induces apoptosis via the
p38 mitogen-activated protein kinase pathway (Sarkar et al.,
2002), is also upregulated in melanocytes treated with DKK1.
In other words, the inhibition of melanocyte growth by DKK1
(as we previously reported (Yamaguchi et al., 2004)) may
involve the upregulated expression of TNFRSF10A and/or
Gadd45b.
Our microarray analyses also suggest numerous other
candidate genes that might be responsible for the suppression
DKK1
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Figure 3. Validation of expression levels of proteins related to Wnt signaling
pathways in normal human melanocytes treated with DKK1 for (a) 2 hours
or (b) 5 days or untreated (ctrl) by immunoblotting. GSK3b expression
is unchanged at 2 hours, but is downregulated at 5 days. The expression
of Ser9-phosphorylated GSK3b and PKCa is upregulated, but b-catenin
expression is downregulated. Numbers under the gels indicate levels
of intensity compared with control.
DKK1 Ctrl
pGSK3(green) DAPI(blue)
PKC(green) DAPI(blue)
 -Catenin(green) DAPI(blue)
Figure 4. Expression of pGSK3b, PKCa, and b-catenin by normal human
melanocytes. Shown are normal human melanocytes treated with 50 ng/ml
DKK1 for 2 hours or untreated (ctrl) by immunocytochemistry. The
expression of Ser9-phosphorylated GSK3b and PKCa is upregulated in
response to DKK1, but b-catenin expression is downregulated. Green
fluorescence marks antibody staining, and nuclei are stained blue by
40,6-diamidino-2-phenylindole. Bar¼128 mm for outer panels and
64mm for insets.
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of melanocyte growth and/or function by DKK1. As example,
vitiligo is an acquired pigmentary disorder characterized by
progressive areas of depigmenting skin, which result from the
loss of melanocytes in those hypopigmented regions. Vitiligo
has been associated with thyroid disorders including Hashi-
moto thyroiditis and Graves disease (Grimes, 2005), and has
also been associated with oxidative stress, in particular with
increased levels of intracellular reactive oxygen species
regulated by mitochondria (Dell’Anna et al., 2001). Expres-
sion levels of thyrotrophic embryonic factor and mitochon-
drial ribosomal proteins are increased42.3-fold by treatment
with DKK1, which suggests that these genes may be involved
with increased melanocyte toxicity in DKK1-rich tissue.
Trafficking of melanosomal proteins within melanocytes
plays critical roles in regulating the synthesis, deposition, and
distribution of melanin in melanosomes (Hoashi et al., 2005;
Valencia et al., 2006). DKK1 upregulates the expression of
caveolin 3, SVG2B, melanophilin, and syntaxin 5A, which
suggests that DKK1 regulates the subcellular trafficking of
proteins either directly or indirectly. DKK1 also upregulates
the expression of myoactive tetradeca peptide (MATP), a
protein critical to the correct processing of tyrosinase (Costin
et al., 2003); thus, the differentiation of melanocytes may be
influenced by DKK1 at many levels.
DKK1 Ctrl
 -Catenin(green) MART-1(red) DAPI(blue)
PKC(green) MART-1(red) DAPI(blue)
GSK3(green) MART-1(red) 
pGSK3(green) MART-1(red) 
Figure 5. Immunostaining of GSKb, Ser9-phosphorylated GSKb, PKCa, and
b-catenin in the reconstructed epidermis. Immunostaining shown after 10
days of treatment with or without 100 ng/ml rhDKK1. Note the decreased
expression of GSK3b (0.63) and b-catenin (DKK1/ctrl ratio¼ 0.76) and the
increased expression of Ser9-phosphorylated GSK3b (2.00) and PKCa (1.11).
Plam skin
GSK3(green) MART-1(red)
pGSK3(green) MART-1(red)
PCK(green) MART-1(red)
 -Catenin(green) MART-1(red)
Trunk skin
Figure 6. Immunohistochemistry of GSKb, PKCa, and b-catenin in
palmoplantar and non-palmoplantar skin in situ. Melanocytes in the skin are
identified by MART-1 staining (red fluorescence). Palm skin (left) shows low
expression of GSK3b (Palm/Trunk ratio¼ 0.59) but high expression of GSK3b
phosphorylated at Ser9 (1.24) and of PKCa (2.73). In contrast, levels of
b-catenin (0.02) expression are lower in palmoplantar melanocytes in situ
compared with melanocytes in trunk skin (right). Bar¼100 mm for upper
six panels and 24mm for lower two panels.
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DKK1 also affects the expression of numerous genes
related with Wnt and HOX functions in melanocytes (cf
Tables S3 and S5, respectively). Although further analyses will
be necessary to elucidate the effects on melanocyte growth
and/or differentiation, DKK1 could be an important regulator
of those pathways considering their importance to melanocyte
function (Takeda et al., 2000b; Knight et al., 2004; Bachmann
et al., 2005; Dunn et al., 2005). Further, DKK1 enhances the
expression of acid fibroblast growth factor-like protein, which
may function similar to fibroblast growth factor in terms of
regulating HOX genes (Liu et al., 2001; Dasen et al., 2003)
and melanocyte growth (Halaban et al., 1988; Dotto et al.,
1989; Hirobe, 1992; Berking et al., 2001).
To further elucidate the mechanism(s) by which DKK1
decreases melanocyte function (Yamaguchi et al., 2004), key
proteins in Wnt signaling pathways were investigated. We
focused on those genes, as DKK1 is an inhibitor of the
canonical Wnt signaling pathway (Kawano and Kypta, 2003),
which is actively involved in regulating MITF function
(Shibahara et al., 2000; Yasumoto et al., 2002). MITF is
considered the master regulator of melanocyte function, and
regulates not only melanocyte proliferation but also their
production of melanin (McGill et al., 2002; Kim et al., 2003).
We previously reported that DKK1 suppresses the expression
of b-catenin and MITF (Yamaguchi et al., 2004), and we now
show that the overall expression of GSK3b decreases in
response to DKK1, whereas the overall expression of GSK3b
phosphorylated at Ser9 increases. GSK3b is a unique protein
in that it is inactivated by phosphorylation (Cohen and Frame,
2001). The finding that DKK1 inhibits b-catenin and GSK3b
expression might be sufficient to explain the inhibitory effects
of DKK1 on MITF expression, as b-catenin and GSK3b
enhance MITF activity at the promoter level (through the
activation of lymphoid-enhancing factor/T-cell factor (Arias
et al., 1999)) and at the post-transcriptional level (by the
phosphorylation at Ser298 (Takeda et al., 2000a)). However,
multiple protein complexes, which not only contain Axin,
adenomatous polyposis coli, and Akt, but also GSK3b (http://
www.stanford.edu/^rnusse), suppress the expression of b-cate-
nin by inhibiting its accumulation through the canonical Wnt
signaling pathway (Cohen and Frame, 2001; Zorn, 2001;
Kawano and Kypta, 2003). As GSK3b is inactivated via
several signaling pathways (Ding et al., 2000; Cohen and
Frame, 2001) and as Wnt-5a inhibits the canonical Wnt
pathway by promoting the GSK3b-independent degradation
of b-catenin (Topol et al., 2003), we hypothesize that the
canonical Wnt signaling pathway does not require the
phosphorylation of GSK3b at Ser9, but that the non-canonical
Wnt signaling pathway does involve that phosphorylated
form of GSK3b.
Interestingly, we found an increase in b-catenin mRNA
expression only after 2 hours of DKK1 treatment, but a
decrease in b-catenin protein, which was followed by the
decreased expression of b-catenin mRNA after 5 days of
DKK1 treatment (data not shown). The rapid decrease in
expression of b-catenin protein after 2 hours of DKK1
treatment (Yamaguchi et al., 2004) might have transiently
enhanced the mRNA expression level of b-catenin, although
further analyses will be necessary to resolve this point. We
also found that DKK1 enhances the expression of PKCa,
which inactivates GSK3b (Chen et al., 2000; Fang et al.,
2002) and induces apoptosis via p38 mitogen-activated
protein kinase (Tanaka et al., 2003) (similar to Gadd45 as
described above (Sarkar et al., 2002)), which suggests that
DKK1 may take its own pathway and/or the non-canonical
Wnt signaling pathway to inhibit GSK3b. Taken together, the
decreased activities of b-catenin and GSK3b via phosphor-
ylation at Ser9 and the upregulated expression of PKCa may
account for the decreased expression levels of MITF in
melanocytes responding to DKK1, and thus their decreased
growth and differentiation.
In conclusion, DKK1, a secretory protein expressed at
relatively high levels by fibroblasts in palmoplantar skin, has
various effects on melanocytes. Microarray analyses revealed
a large number of upregulated or downregulated genes in
melanocytes that respond quickly to treatment with DKK1.
DKK1-responsive genes include those encoding receptors
(such as LDLR, GPR51, and TNFSF10A), for apoptosis (such
as Gadd45b), for melanosome trafficking and transport (such
as HPS4, SV2B, STX5A, and MLPH), and for Wnt and HOX
signaling. The decreased expression levels of MITF in
melanocytes treated with DKK1 may result from the
decreased activity of b-catenin and of GSK3b via phosphor-
ylation at Ser9 and from the upregulated expression of PKCa.
The sum of those activities results in the decreased density of
melanocytes in palmoplantar skin and the hypopigmentation
of that tissue. Future investigation will attempt to further
clarify the mechanisms by which palmoplantar epidermis is
paler than non-palmoplantar epidermis through DKK1 and/or
other factors.
MATERIALS AND METHODS
Melanocyte culture
Neonatal human foreskin melanocytes were obtained from Cascade
Biologics Inc. (Portland, OR). Melanocyte cultures were grown in
melanocyte growth medium consisting of Medium 154 (Cascade
Biologics Inc.) and HMGS (Cascade Biologics Inc.). Melanocytes
from the third to fifth passage were used in these experiments.
Microarray procedures
Modified oligo-cDNA microarray analysis was performed as
previously described with slight modifications (Yamaguchi et al.,
2004). Briefly, total RNA was prepared from cultured human
melanocytes treated with or without 50 ng/ml recombinant human
DKK1 (R&D Systems Inc., Minneapolis, MN) for 2 hours, using an
RNeasy mini kit (Qiagen, Valencia, CA). The quality (purity and
integrity) of extracted total RNA was confirmed using an Agilent
2100 Bioanalyzer with an RNA 6000 Nano Assay (Agilent
Technology, Palo Alto, CA). Paired cDNA samples, labeled by
cyanine 3- and cyanine 5-deoxyuridine triphosphate incorporation
(Qiagen) during RT (Qiagen), were hybridized simultaneously with
one oligo-DNA chip (Hs-Operon V2-vB2.2p13) as per National
Cancer Institute in-house protocol (available at http://mach1.nci.
nih.gov/). Two fluorescent intensities of the oligo-DNA chip
were scanned using a microarray scanner (GenePix 4000A;
Axon Instruments Inc., Molecular Devices Corp., Sunnyvale, CA).
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Differential gene expression was profiled with Genepix 3.0 software
and was analyzed by National Cancer Institute Center for Informa-
tion Technology programs and databases. Experiments were
performed in triplicate independently.
RT-PCR
To confirm the accuracy of oligo-cDNA microarrays, RT-PCR was
performed. Oligonucleotide primers used for PCR were based on
published mRNA sequences as follows: human PKCb1 sense primer
50-agtgccaagtttgctgcttt-30; PKCb1 antisense primer 50-acaatgag
gacgtccctgtc-30; human Krn1 sense primer 50- caagtttgctgggatggagt
-30; Krn1 antisense primer 50-tgtcaaatagggggaagctg-30; human LRP6
sense primer 50-gctcagagtcccagttccag-30; LRP6 antisense primer
50-tcccttcatacgtggacaca-30; human LDLR sense primer 50-aagtg
catctctcggcagtt-30; LDLR antisense primer 50-tgcagtttccatcagagcac-
30; human GPR51 sense primer 50-gctgctgatcgacctgtgta-30; GPR51
antisense primer 50-gatggtgctgcagaagatga-30; human TNFRSF10A
sense primer 50-agagagaagtccctgcacca-30; TNFSF10A antisense
primer 50-ttgtgagcattgtcctcagc-30; human Gadd45b sense primer 50-
acagtgggggtgtacgagtc-30; Gadd45b antisense primer 50-gagatgtaggg
gacccactg-30; MITF sense primer 50-agagagcgagtgcccaggcatgaac-30;
MITF antisense primer 50-tctttggccagtgctcttgcttcag-30; glyceralde
hyde-3-phosphate dehydrogenase sense primer 50-accacagtccatgc
catcac-30; glyceraldehyde-3-phosphate dehydrogenase antisense
primer 50-tccaccaccctgttgctgta-30. After denaturation at 941C for
2 minutes, PCR was performed for 30 cycles (30 seconds at 941C,
1 minute at 561C, and 1 minute at 721C). All amplified products were
sequence verified (Yamaguchi et al., 2004). Control reactions were
performed in the absence of RT and were negative. Each experiment
was repeated in triplicate independently.
Immunoblotting
Cultures from 100 mm dishes were solubilized in 500 ml M-PERs
mammalian protein extraction reagent (Pierce Biotechnology, Rock-
ford, IL) or extraction buffer containing 1% Nonidet P 40
(Calbiochem, San Diego, CA), 0.01% SDS, 0.1 M Tris:HCl, pH 7.2,
and Protease Inhibitor cocktail (Roche, Mannheim, Germany).
Protein concentrations of extracts were measured using the BCA
protein assay kit (Pierce, Rockford, IL). Cell extracts (1mg) were
separated on 8–16% gradient SDS polyacrylamide gels (Invitrogen
Corp., Carlsbad, CA). After electrophoresis, proteins were transferred
electrophoretically from the gels to Immobilon-P transfer membranes
(Millipore, Bedford, MA). The filters were incubated in the presence
of antibodies to GSK3b (at 1:1,000, Cell Signaling Technology,
Beverly, MA), pGSK3b (at 1:1,000, Cell Signaling Technology),
PKCa (at 1:10,000, Sigma, St Louis, MO), b-catenin (at 1:1,000, Cell
Signaling Technology), extracellular signal-regulated kinase 1/2
(p44/42 MAP Kinase antibody) (at 1:1,000, Cell Signaling Techno-
logy), or b-actin (at 1:3,000, AC-15, Abcam, Cambridge, MA) at
room temperature for 1 hour and were then incubated with horse-
radish peroxidase-linked anti-rabbit or anti-mouse whole antibodies
(at 1:1,000, Amersham Bioscience, Pittsburgh, PA) at room
temperature for 1 hour. Antigens were detected using an ECL-plus
Western Blotting Detection System (Amersham).
Immunocytochemical staining
Melanocyte cultures in two well Lab-Tek chamber slides (Nalge
Nunc International Corp., Naperville, IL) were processed for indirect
immunofluorescence to detect the expression of signal transduction
proteins using primary antibodies to GSK3b (1:50, Cell Signaling
Technology), phospho-GSK3b, which is specific for GSK3b phos-
phorylated at Ser9 (at 1:100, Cell Signaling Technology), b-catenin
(at 1:50, Cell Signaling Technology), and PKCa (at 1:1,000, Sigma).
Bound antibodies were visualized with appropriate secondary
antibodies, Alexa Fluors 488 goat anti-rabbit IgG (Hþ L) (Molecular
Probes Inc., Eugene, OR) at 371C for 30 minutes at 1:500 dilution
with 5% goat serum. 40,6-diamidino-2-phenylindole (Vector Labora-
tories Inc., Burlingame, CA) was used as a counter stain. The
fluorescence of green produced by Alexa 488s and of blue by 40,6-
diamidino-2-phenylindole was observed and captured using a Leica
DMR B/D MLD fluorescence microscope (Leica, Wetzlar, Germany)
and a Dage-MTI 3CCD 3-chip color video camera (Dage-MTI,
Michigan City, IN). We also observed the fluorescence using
confocal laser scanning microscopy as described previously (Hoashi
et al., 2005).
3-Dimensional skin reconstructs
The epidermal equivalent MelanoDerms was obtained from MatTek
Corp. (Ashland, MA). Normal human keratinocytes and melanocytes
used in those reconstructs were obtained from Asian neonatal
foreskin tissues. MelanoDerms were grown at the air/liquid interface
of the maintenance medium MEL-NHM-113 (MatTek Corp.), and the
culture medium was renewed every 2 days. Where noted, the
epidermis samples were supplemented with 100 ng/ml rhDKK1
every 2 days for 4–14 days (only results for 10 days are shown).
DKK1 was dissolved in phosphate-buffered saline with 0.1% bovine
serum albumin and the same concentrations of phosphate-buffered
saline and bovine serum albumin were employed for mock-treated
controls.
Immunohistochemistry
Skin specimens obtained from matched palmoplantar areas (i.e.
palms, n¼ 1 and soles, n¼ 4) and from non-palmoplantar areas
(trunk, n¼ 5) taken from five adult Asian subjects (ages ranged from
31 to 47) during cutaneous surgery. Participants gave their written
informed consent and the study was conducted according to
Declaration of Helsinki Principles. We received approval by Osaka
University for all experiments. The expression of proteins related to
signal transduction was detected by indirect immunofluorescence
using the primary rabbit polyclonal antibodies described above.
Mouse mAb named Ab-3 (1:100 dilution, NeoMarkers, Fremont,
CA), which is specific for MART1, was additionally used as a primary
antibody. Secondary antibodies used were Alexa Fluors 594 goat
anti-mouse IgG (Hþ L) and Alexa Fluors 488 goat anti-rabbit IgG
(Hþ L) (Molecular Probes Inc.). The green fluorescence produced by
Alexa 488s was superimposed over the red fluorescence produced
by Alexa 594s to show colocalization.
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